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Abstract

Currenttechnologytrendspoint towardsbothanincreasedheterogeneityin hardwareplatformsand
anincreasein themechanismsavailableto applicationsfor controllinghow theseplatformsareutilized.
Thesetrendsmotivatethedesignof resource-aware distributedapplications,which proactively monitor
andcontrolutilizationof theunderlyingplatform,ensuringadesiredperformancelevel by adaptingtheir
behavior to changingresourcecharacteristics.

This paperdescribesa generalframework for enablingapplicationadaptationon distributedplat-
forms. Theframework combinesprogrammerspecificationof alternateexecutionbehaviors (configura-
tions)with automaticsupportfor decidingwhenandhow to adapt,relying extensively on two compo-
nents:(1) profile-basedmodelingof applicationbehavior, automaticallygeneratedby measuringappli-
cationperformancein a virtual executionenvironmentwith controllableresourceconsumption,and(2)
application-specificcontinuousmonitoringof currentresourcecharacteristics.The latterdetectswhen
applicationconfigurationsneedto changewhile theformerguidestheselectionof a new configuration.

We evaluatetheseframework componentsusinganinteractive imagevisualizationapplication.Our
resultsdemonstratethat startingfrom a naturalspecificationof alternateapplicationbehaviors andan
automaticallygeneratedperformancedatabase,our framework permitstheapplicationto bothconfigure
itself in diversedistributedenvironmentsandadaptitself to run-timechangesin resourcecharacteristics
soasto satisfyuserpreferencesof outputquality.

1 Intr oduction

Current day general-purposeapplicationscan executeon a wide rangeof platformsranging from fast
desktopcomputersto mobile laptopsall the way to hand-heldPDAs, spanningseveral ordersof mag-
nitude in processing,storage,andcommunicationcapabilities. At the sametime, operatingsystemsare
providing increasedcontrol over systemutilization throughmechanismssuchasfair-shareCPU schedul-
ing [2, 11, 13, 16]. Similarly, QoS-awarenetwork protocols[4, 20] permitcontrolover bandwidth,delay,
andlossrate. The first trendimplies that the performanceof a distributedapplicationrunningon diverse
heterogeneousplatformsvariesdramatically, bothbecauseof differing capabilitiesof theseplatformsand
becauseof competitionfor resourcesaffecting their dynamicavailability. Fortunately, the secondtrend
suggestsa way for providing predictableperformancedespitethesevariations. Resource-aware applica-
tions, which proactively monitor andcontrol utilization of the underlyingplatform, canensurea desired
performancelevel by adaptingthemselvesto changingresourcecharacteristics.For instance,a distributed
applicationconveying a videostreamfrom a server to a client machinecanrespondto network bandwidth
reductionby compressingthestreamor selectively droppingframes.Similarly, it canrespondto increased
server loadby tradingoff server involvementfor increasednetwork bandwidthandclientcomputation.
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However, despitea thoroughunderstandingof theneedfor adaptationat thelevel of individual compo-
nents(e.g.,thenetwork-congestioninduceddynamicresizingof theacknowledgmentwindow in theTCP
protocol),little supportis availablefor structuringsuchglobally adaptive applications.Severalresearchers
have begun to addressthis shortcoming[10, 14, 15, 17, 18]; however, mostsuchefforts placean unrea-
sonableburdenon applicationdevelopersrequiringthemto provide explicit specificationof bothresource-
utilizationprofiles(whichresourcesareusedatwhich timeandin whatquantity),andadaptationbehaviors
(how shouldtheapplicationreactto changesin resourceallocationlevels).

This paperdescribesa generalframework for enablingapplicationadaptationon distributedplatforms,
which reducesthe burdenon the applicationdeveloperby automatingasmuchof the adaptationprocess
asfeasible. The developeris responsibleonly for specifyingalternateapplicationalgorithmsandconfig-
urations(broadly referredto as application tunability). The executionsystemautomaticallydetermines
both whenadaptationshouldbe performedandhow the applicationmustbe modified(i.e., which of its
configurationsmustbechosen).Centralto this framework, andthemainfocusof this paper, aretwo com-
ponents:(1) profile-basedmodeling of applicationbehavior, automaticallygeneratedby measuringappli-
cationperformancein a virtual executionenvironmentthatenablescontrolover resourceconsumption,and
(2) application-specificcontinuousmonitoring of currentresourcecharacteristics.Run-timeadaptation
is triggeredwhenever thesecondcomponentdetectsthat the currentlyactive applicationconfigurationno
longermeetsuserpreferencesof applicationquality, andis guidedby thefirst component.

Thus, our framework articulatesa differentapplicationstructuringand executionstrategy. The pas-
sive form of theapplicationconsistsof multipleconfigurationsandanaccompanying (automaticallygener-
ated)performancedatabaseof their behavior underdifferentresourceconditions.Applicationexecutionis
achievedby selectingoneamongmultipleconfigurations,with theactiveconfigurationdynamicallychosen
baseduponacorrelationof observedresourcecharacteristicswith theperformancedatabase.

This strategy hasbeenimplementedin thecontext of distributedapplicationsrunningon Windows NT
platforms.Applicationtunability is specifiedusinglanguage-level annotations.Theperformancedatabase
is constructedby samplingthebehavior of eachconfigurationin acontrolledtestbedenvironmentthatlever-
agesOSneutralmechanismsto limit CPU,network, andmemoryconsumptionof generalWin32processes.
Therun-timeenvironmentconsistsof amonitoringmodulethatemployssimilarmechanismsto detectavail-
ableresourcecharacteristics,aschedulingmodulethatusesthedatabaseto selectthenext active configura-
tion, andasteeringmodulethatenforcesthechange.Experimentswith adistributedinteractive imagevisu-
alizationapplicationdemonstratethatstartingfrom anaturalspecificationof alternateapplicationbehaviors,
it is possibleto automaticallygeneratetheperformancedatabase.Moreover, usingothercomponentsof the
framework, theapplicationcanautomaticallyconfigureitself in diversedistributedenvironmentsaswell as
adaptitself to run-timechangesin resourcecharacteristicssoasto satisfyuserpreferencesof outputquality.

Therestof thispaperis organizedasfollows. Section2 introducesthenotionof tunabilityanddescribes
theinteractive visualizationapplicationusedin theremainderof thepaper. Section3 overviews theoverall
adaptationframework with Sections4, 5, and6 providing detailsaboutspecifyingalternateconfigurations,
modelingapplicationbehavior usingthevirtual testbed,andcontrollingapplicationexecutionat run time,
respectively. Section7 describestheuseof thesecomponentsfor dynamicadaptationof thevisualization
application.Relatedwork is discussedin Section8 andweconcludein Section9.

2 Application Tunability

Application tunability, a notionwe initially introducedin [9, 8], refersto anapplication’s ability to trade
off resourcerequirementsover several dimensions,including time, quality, andresourcetype, while still
producinganoutputof adequatequality. Tunableapplicationsareableto compensatefor a lowerallocation
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in onestageof thecomputationby (1) requiringahigherallocationin anotherstage,or (2) loweringoutput
quality, or (3) raisingdemandfor resourcesof anothertype.

Application tunability is a characteristicof several parallelanddistributedcomputations.The key at-
tribute is the existenceof alternateapplicationconfigurations, eachwith a differentexecutionpathand
resourceprofile. Thesemultiple resourceprofilesprovide run-timeflexibility, permittingchoiceof analter-
nateconfigurationbettersuitedto matchinguserpreferencesgivenavailablesystemresources.

2.1 ActiveVisualization: A TunableDistributed Application

Theactive visualizationapplication[6] is ageneral-purposeclient-server applicationfor interactively view-
ing,attheclientside,largeimagesstoredin theserver. Activevisualizationexploitsseveralmulti-resolution
andprogressive transmissiontechniquesto reduceclient latency. First, imagesarestoredat the server as
waveletcoefficients[5], enablingtheconstructionof imagesat differentlevelsof resolution(includingthe
original one). Second,it usesprogressive transmission,making it unnecessaryto fetch the entire image
at a single time. Baseduponan initial specificationof the highestresolutionrequiredby the client, the
serverconstructsapyramidof imagesrangingfrom thefinestto thecoarsestresolution.Theserverusesthis
pyramid to transmitanareaof the imagethat correspondsto the user’s fovea(the user’s focusof interest
asidentifiedby locationof themousecursor),startingfrom the coarsestresolutionandprogressingup to
theuser-preferredresolution.If theuser’s foveadoesnot change,theclient requeststheserver to sendit an
incrementalregion surroundingthefovea,ensuringeventualtransmissionof theentireimageat thehighest
resolution.To furtherreduceclient latency, theapplicationcanoptionallycompressthedatabeforeinjecting
it into thenetwork, reducingnetwork bandwidthat theexpenseof requiringdecompressionat theclient.

Active visualizationis a tunableapplicationin that its behavior is affectedby valuesassociatedwith
parameterssuchaspreferredresolutionlevel andsizeof thefovealregion. In additionto reflectingdifferent
userquality preferences,theseparametersinfluencethe resourceutilization profile of the application. A
lower preferredresolutionvalueimplies a smalleramountof dataprocessingandtransmissiontime, and
consequentlya lower utilization of processingandnetwork resources.The foveal region sizeparameter
affectsresponsivenessandtotal imagetransmissiontime. Thebiggerthevalueof this parameter, thelonger
the round-tripresponsetime, but theshorterit takesto receive the entireimage. In addition,thevalueof
theoptionalcompressionparameter, whichcontrolschoiceof thecompressionalgorithm,impactsresource
utilizationat theclientandserver nodesaswell asof thenetwork connectionbetweenthem.

3 Application Structuring and Adaptation Framework

Figure1 shows the generalframework for enablingapplicationadaptationon distributedplatforms. The
framework consistsof several integratedcomponentsthatsupportthreefunctions: (1) specificationof ap-
plication configurations, (2) modelingof applicationbehavior, and(3) run-timeapplicationadaptation. A
detaileddescriptionof thecomponentsis deferredto Sections4–6; here,we focuson providing anunder-
standingof how thesecomponentswork togetherto enableadaptation.

Specifyingapplication configurations. Alternateexecutionbehaviorsarespecifiedusinglanguageanno-
tations which identify thecontrolparametersthatdeterminealternatepaths,executionenvironmentswhere
thesepathsexecute,transitionsbetweenpaths,and application-specificquality metrics. This annotated
programis convertedby apreprocessorinto anexecutableform of theapplication;thelatterincludesappli-
cationmodulesthatmake up thedifferentpathsaswell assteeringandmonitoringagentsthatareusedfor
run-timeadaptation.In addition,thepreprocessorgeneratesperformancedatabasetemplates,usedduring
themodelingof applicationbehavior.
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Figure1: GenerationandExecutionof TunableApplications.

Modeling application behavior. Run-timeadaptationis guidedby modelsof the behavior of different
applicationconfigurationsunderavarietyof resourceconditions.Thesemodelsareautomaticallygenerated
by executingeachconfigurationin a virtual testbedenvironmentthat allows control over the amountof
resources(CPU,memory, network) availableto theapplication.Thetestbedenablestheexecutionbehavior
of eachconfigurationto besampledatdifferentpointsin amultidimensionalresourcespacewithoutactually
requiring the applicationto be executedin eachof thesedifferent environments. The outcomeof these
controlledexecutionsis a performancemodelthatmaps,for eachconfiguration,theapplicationinput and
resourceavailability to applicationoutputquality. Thesemodelsarestoredin aperformancedatabaseused
duringrun-timeadaptation.

Run-time Application Adaptation. At run time, an appropriateapplicationconfigurationis chosento
satisfy userpreferenceconstraints(i.e., QoS constraints) given available resourcecharacteristics.The
monitoring agent, combinedwith the system-widemonitor, keepstrack of the actualportion of system
resourcesavailableto applicationprocesses.Upondetectingthatuserpreferencesof applicationqualitycan
no longerbe satisfiedusingthe currentlyactive configuration,the monitoringagentinvokesthe resource
schedulerwhichdecidesonanalternateconfigurationby correlatingavailableresourcecharacteristicswith
the modelsof configurationbehavior storedin the performancedatabase.Actual adaptationis realized
by a control messagesentfrom the resourceschedulerto the steering agent, causingthe latter to switch
applicationconfigurationsby appropriatelyupdatingthecontrolparameters.

4 SpecifyingApplication Configurations

Althoughseveralapplicationsallow flexibleexecution,thisflexibility is oftenhiddendeepinsidethespecific
expressionof applicationfunctionality. For automaticadaptation,weneedto identify thecontrolparameters
(“knobs”) that determineexecutionbehavior andexplicitly specifydifferentexecutionpaths.To facilitate
this, our approachrelies upon language-level annotationsto the original applicationsourcecode,which
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specifytheexecutionenvironment,controlparameters,applicationqualitiesandtheirmeasurementmecha-
nism,tunableapplicationmodules,andthespecialpointswhereconfigurationandreconfigurationcantake
effect. A detaileddescriptionof the syntaxandsemanticsof theseannotationsappearselsewhere[9, 8];
here,we illustratetheirusageusingtheactive visualizationapplication.

4.1 Tunability in ActiveVisualization

Figure2 shows thespecificationof alternateconfigurationsin theactivevisualizationapplication.Although
theapplicationhasbotha server-sideanda client-sidecomponent,in therestof this paper, we restrictour
attentionto theclient-sidecomponent,treatingtheserver-sidecomponentasablack-boxwhosebehavior is
entirelydeterminedby thecontrolmessagessentto it from theclient.

Thetoppartof Figure2 showsasimplifiedversionof theoriginalclient-sidecode,while thebottompart
shows this codeannotatedwith tunability specifications.Theclient first establishesa connectionwith the
server andnotifiesthelatterregardingchoiceof compressionmethod.Theclient thenretrievestheimagein
steps.In eachstep,it requestsa squareareadenotedby the fovealcenter ���
	��� andsize � up to an image
resolutionlevel � . The client decompressesthe datauponreception,andthenupdatesthe display. It then
checksfor any userinteraction,whichhastheeffectof changingthelocationandsizeof thefovealregion.

Thetunabilityspecificationincludesfivekindsof annotations:

1. Control parameters: Thebottompartof Figure2 identifiesdR, c, andl asparameters,which deter-
minetheexecutionpathtakenby theapplicationandthebehavior alongthispath.

2. Executionenvironment:Theexecutionenvironmentspecifiesthesystemcomponents(hostsandnet-
work links)onwhichtheapplicationexecutes.Eachsystemcomponentencapsulatesseveralresources
that affect applicationbehavior. For instance,a hostis characterizedby its CPU,memory, andnet-
work resources,while anetwork link is characterizedby its bandwidth.In ourexample,theexecution
environmentconsistsof two hosts,the client andtheserver. The network link betweenthemis not
explicitly includedin theexecutionenvironmentbecausein thisapplication,link resourceconstraints
canbecapturedin termsof constraintsonhostnetwork resources.

3. Quality metrics: TheQoS metric constructspecifiestheapplicationoutputmetricsof interest.In
our example,thesemetricsincludethetotal datatransmissiontime (transmit time), averagere-
sponsetime (response time, andimageresolutionlevel (resolution). Werequirethatdiffer-
entvaluesof thesamequalitymetriccanbecomparedwith eachother. As shown in Figure2, updates
to thesemetricsarehandledby codesegmentscontainedwithin theQoS monitor construct.

4. Tunablemodules:The abstractmodelof a tunableapplicationis that of a family of DAGsbuilt up
from individualmodules.Eachmoduleis specifiedby thetask construct,whichspecifiesthecontrol
parametersaffectingmoduleexecution,theenvironmentcomponentsandresourcetypesutilized by
themodule,andapplication-specificquality metricsthatdenotetaskoutputs.Applicationexecution
pathsarespecifiedby associatingguardexpressionsof controlparameters(not shown in theFigure)
with eachtaskandspecifyinginter-taskcontrol flow. In this example,the entiredatatransmission
taskis treatedasa singlemodulenamedmodule � l ��� dR ��� c � . Thecontrolparametersin the task
nameareevaluatedasname-valuepairswhenthetaskconstructis instantiatedat run time,andserve
asahandlefor referringto aspecifictaskconfiguration.

5. Configuration Transitions:Whenresourceavailability changes,thesystemreconfigurestheapplica-
tion. Thenew configuration(indicatedby new control) takeseffect whenatransition con-
structor task constructis encountered.Thetransition constructcontainscodefor application-
specificactions. As shown in Figure2, reconfigurationmay requiresettingsomelocal variableor
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Original program :
establish connection();
notify server compression type(c);
while (r < image size(l)) �

r += dR;
send request(x, y, r, l);
recv reply(&data);
decompress(c, &data);
update display(x, y, r, l, data);
check for user interaction(&x, &y, &r, &dR);�

...
close connection();

Tunableprogram :
control parameters �

int dR; // incremental fovea size
int c; // compression type
int l; // level of image resolution�

control;
execution env �

host client; // local host
host server;�

env;
QoS metric �

int transmit time; // total image transmission time
int response time; // maximum response time of a single round
int resolution; // the resolution of the image�

QoS;

establish connection();
notify server compression type(control.c);

task module � l � � dR � � c � [l, dR, c] [client.CPU, client.network]
[QoS.transmit time, QoS.response time, QoS.resolution]

while (r < image size(control.l)) �
QoS monitor � t0 = clock();

�
r += control.dR;
send request(x, y, r, control.l);
recv reply(&data);
decompress(control.c, &data);
update display(x, y, r, control.l, data);
check for user interaction(&x, &y, &r, &control.dR);

QoS monitor �
t1 = clock();
QoS.response time = avg(QoS.response time, t1-t0);
QoS.transmit time += (t1-t0);
QoS.resolution = control.l;�

transition (new_control) �
if (new_control.c != control.c) notify(env.server, new_control.c);�

�
taskend

...
close connection();

Figure2: Expressionof applicationtunability in ActiveVisualization.
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notifying a remotehost. Similar to tasks,thetransitionconstructcanalsohave associatedguardex-
pressions;thesedeterminewhetheror nottransitionsfrom/toaspecifictaskconfigurationarepossible.

5 Modeling Application Behavior

An applicationusuallyexhibitsdifferentbehaviors,mostnoticeablyin termsof executionduration,whenits
input or theresourceconditionsin its executionenvironmentchange.Explicit specificationsof application
tunabilityenableusto developamodelof behavior for eachof theapplicationconfigurationsandatrun-time
choosetheappropriateconfigurationfor desiredbehavior. Wemodelthebehavior of atunableapplicationas
themappingfrom controlparameters(applicationinput canbeviewedasanadditionalcontrolparameter)
and resourceconditionsto application-specificquality metrics,whereeachof them constitutesa multi-
dimensionaldomain.In practiceandfor general-purposeapplications,the interactionof thesefactorsis so
complex thatit is difficult to obtainananalyticalexpressioncapturingtheir relationship.Consequently, we
useprofile-basedmodelingto approximatethismapping:for eachapplicationconfiguration,wemeasurethe
achievedqualitymetricsfor asamplingof differentresourceconditions,andinterpolatethesemeasurements
to getperformancecurvesthatsummarizeconfigurationperformance.

As describedin Section4, languageannotationsspecify application-specificcontrol parameters,the
underlyingexecutionenvironment,andquality metrics. Startingfrom theseannotations,the preprocessor
generatesconfigurationfiles thatallows dynamicselectionof individual configurations.A driver program
executeseachconfigurationrepeatedlyin a virtual executionenvironmentfor different levels of allocated
resources.As mentionedearlier, this hasthe effect of samplingconfigurationbehavior at differentpoints
in a multidimensionalresourcedomain.For eachsuchrun, application-specificoutputquality metricsare
measuredandstoredin a database.A separatetool analyzesthis performancedata,performssensitivity
analysisto determineconfigurationsandregionsof theresourcespacethatrequireadditionalsamples.The
outputof themodelingstepis a performancedatabasethat recordsinformationabouta maximalsubsetof
the configurationsrepresentingthe resourceprofile of this application.1 Interpolationof thesedatagives
reasonalpredicationof applicationperformanceunderdifferentrun-timeconditions.

In therestof thissection,wefirst describetherealizationof thevirtual “testbed”executionenvironment
thatallows profile-basedmodelingof applicationbehavior, andthenpresentanexampleof suchmodeling
in thecontext of theactive visualizationapplication.

5.1 Virtual ExecutionEnvir onment

Ourvirtual executionenvironmenteffectively createsasandbox[7] aroundanapplication,whichconstrains
applicationutilization (in termsof capacity)of systemresourcessuchastheCPU,memory, disk, andnet-
work. For thekindsof applicationsthatweareinterestedin, it is sufficient for thevirtual executionenviron-
mentto ensurethataverageutilizationof a resourceovera timeperiodis below specifiedlimits.

The sandboxis realizedat the userlevel for generalWin32 applicationsrunningon the Windows NT
operatingsystemusinga combinationof novel techniques.The basicideais to inject somefunctionality
into theapplicationat run-time,usinga techniqueknown asAPI interception[1, 12]. Thiscodecontinually
monitorsapplicationrequestsfor operatingsystemresourcesandestimatesa “progress”metric(e.g.,what
fraction of the CPU sharehasthe applicationbeenreceiving). Upon detectingthat the applicationhas

1Thesecaninformally bedefinedasconfigurationsthatoutperformotherconfigurationsunderat leastoneresourcesituation.
Additionally, configurationsthat exhibit similar executionbehavior canbe merged(with only oneof thembeingstored)in the
performancedatabase.
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Figure3: (a)Dynamiccontrolof CPUshare,(b) Applicationexecutionwith controlledCPUshare.

receivedeithermoreor lessthanits share,the injectedcodeactively controls futureapplicationexecution,
relyingongenerallyavailableOSmechanisms,to ensurecompliancewith specifiedlimits.

Thesandboxhasbeenusedto allot a specificshareof theCPU,limit theamountof physicalmemory
usage,andadjustthenetwork bandwidthon request.In particular, for theseresources,applicationcontrol
involves dynamicallymanipulatingapplicationpriority (every few milliseconds)to ensurea properCPU
share,switchingprotectionbits of mappedpagesto ensurephysicalmemoryusagelimits, anddelaying
sendingandreceiving of messagesto ensurethat theapplicationseesthedesiredbandwidthin its network
interactions.Thesecontrolsincur very low overheadandinterferencewith othersystemapplications;in
fact, we canrun several virtual machineson the samephysicalhost,without theminterferingwith each
other. Whenthesystemis under-loaded,thevirtual executionenvironmentguaranteesthat theapplication
will get theexactamountof resourcesasrequested.Therefore,it canserve asa testbedfor examiningthe
applicationbehavior asif thelatterrunsin anenvironmentwith thespecifiedresourcecharacteristics.

A detaileddescriptionof thetechniquesusedfor constructingthevirtual executionenvironmentandits
capabilitiesis reportedelsewhere[7]. Hereweareinterestedin understandingwhetherthevirtual execution
environmentcanserve asa usefultool for modelingapplicationperformancein a (different)physicalenvi-
ronment.To do this, we measurethebehavior of applicationson thecontrolledtestbed,comparingit with
thaton a varietyof physicalmachines.Theexperimentswereconductedon four PCs:two PentiumII (450
MHz), onePentiumII (333MHz), andonePentiumPro(200MHz), all with 128MB memoryandrunning
WindowsNT 4.0(servicepack5). They areconnectedby 100MbpsEthernet,with 10/100MB auto-sensing
network cardsfromdifferentmanufactures.ThetestbedrunsonaPentiumII (450MHz) machineto emulate
lesspowerful machines.Althoughourexperimentsinvolvedmultipleresourcetypesandtheircombinations,
weonly describetheresultsfor onekind of resourcetype,theCPU.

Figure3(a)shows a snapshot(with addedaxes)of CPUusageof a simpletoy applicationfrom theNT
PerformanceMonitor. At startup,thetestbedis configuredto provide theapplicationwith ����� of theCPU
share,which changesto ����� after20seconds,andto ����� CPUafteranadditional30seconds.Thisfigure
shows that the applicationdoesget the CPU shareasspecifiedandthat its resourceusageis stableover
time, thusdemonstratingthe testbed’s ability to createanexecutionenvironmentwheredynamicresource
availability is controlledasdesired.

Tounderstandhow applicationbehavior underthetestbeddiffersfromthatonaslowerphysicalmachine,
wemeasuretheexecutiontimeof thissimpleapplicationonaPentiumII (450MHz) machineandcompare
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it with the executiontimes measuredfor the applicationwhen runningunderthe testbedconfiguredfor
variousCPUsharesrangingfrom  !��� to  !����� . Figure3(b) plotsthemeasuredtimes(on thetestbed)and
the expectedtimes(the executiontime measuredon the physicalmachine,normalizedwith the requested
share). As the figure shows, the application’s executiontime underthe testbedis very closeto what we
expect,with negligible differencesexceptfor thecasewhentherequestis for  !����� CPUshare.2

To seeif this result also holds acrossdifferent physicalmachines,we executethe applicationon a
PentiumII (333MHz) andaPentiumPro(200MHz), comparingthemeasuredtimesagainstthosemeasured
underthe testbedrunningon a PentiumII (450MHz). The testbedis configuredto provide a CPUshare
thatcorrespondsto theratioof processorspeeds(suchsimplemodelingof thephysicalmachineis sufficient
becausetheapplicationis a tight loop runningout of registers).Figure4(a)shows thattheexecutiontimes
on thetestbedfor this simpleapplicationareaboutthesameasthaton thephysicalmachines.
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Figure4: Applicationexecutionon testbedandphysicalmachines:(a)a simpleapplication(b) active visu-
alizationapplication

We next examineif thesamebehavior is truefor moregeneralapplicationsthat includememory, disk,
andnetwork effects. Figure4(b) shows the measuredperformanceof the active visualizationapplication
with the client side running underthe testbedon the PentiumII (450 MHz) machine,and comparesit
againstmeasuredperformancewhentheclient is runningon theothertwo physicalmachines(PentiumII
(333MHz) andPentiumPro(200MHz)). In eachcase,theserver runsonaPentiumII (450MHz) machine
undera testbedwhich limits its network bandwidthto 1 MBps. In this case,theCPUshareson thetestbed
arebasedon ratiosof theSpecInt95 index for thesemachines.We observe thattheexecutiontime onboth
the physicalmachineandon the testbedis far lessthan that obtainedby stretchingthe PentiumII (450
MHz) executiontime in proportionto theCPUshare.This is expectedsinceapplicationwaiting times(e.g.,
for messagereception)arenot affectedby thenodeCPUperformance;our testbedmodelssucheffectsas
accuratelyaspossible.As the figure shows, the resultsarevery similar for the emulationof the Pentium
II (333 MHz) machine.While still good,we observe a biggerdifference(up to ��� ) for the emulationof
thePentiumPro (200MHz). Several factorscontribute to this: heuristicsareusedto estimateapplication
progress,the CPU sharefor which the testbedis configuredmay not be just right for this applicationon
this machine,andtheunderlyinghardwaremayexhibit differentbehaviors (e.g.,differentnetwork cards).
Betteremulationcanbeachieved by factoringtheseeffectsinto the testbedconfiguration.However, such
accuracy may not be requiredbecausefor our purposes,it sufficesto have the testbedaccuratelycapture
relative performanceof thedifferentconfigurationsfor aparticularlevel of resourceavailability.

Thus, the testbedprovides a good emulationplatform for predictingthe behavior of an application
configurationon a varietyof physicalmachines.We next describeits usefor populatingthe performance

2This is becauseof daemonsandotheruncontrollableOSactivity.
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databaseof theactive visualizationapplication.

5.2 PerformanceDatabasefor ActiveVisualization

Theapplicationperformancedatabasestoresprofilesof applicationbehavior, whichareautomaticallygener-
atedby measuringapplicationperformancein avirtual executionenvironment.Eachrecordin thedatabase
containscontrol parametersetting,resouceconditions,andthe correspondingapplicationquality. These
recordsareinterpolatedto obtainperformancecurves.

As describedin Section2,differentconfigurationsof theactivevisualizationapplicationcanbeexecuted
by appropriatelymanipulatingits controlparameters.We usea driver programto repeatedlyexecuteeach
of the configurationsin the testbed,obtaininga mappingfrom the control parametervaluesto the output
qualitiesfor a wide rangeof resourceconditions.Here,we discussa small subsetof thesemeasurements
andtheresultingmappings(seeFigures5 and6).
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Figure5: Imagetransmissiontime(a)andresponsetime (b), for differentfoveasizesasCPUsharevaries.
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Figure6: Imagetransmissiontime,for (a)differentcompressionmethodsasnetwork bandwidthvaries,and
for (b) imagesof differentresolutionsasCPUsharevaries.

Figure5 shows theimagetransmissiontimeandaverageresponsetimeof userinteractionsfor different
foveasizesastheCPUsharevaries(this correspondsto runningtheapplicationon physicalmachineswith
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differentCPUcapabilities).In general,an increasein CPUresourcesreducesboth transmissiontime and
responsetime. Ideally, a userwould like thesetwo parametersto be assmall aspossible.However, they
show oppositetrendswith fovea size. Comparingcurves for different fovea sizes,we observe that the
larger thefoveasize,thesmallerthetotal transmissiontime,but thelarger theresponsetime. This implies
thatsimultaneouslysatisfyinguserpreferencesof transmissiontime andresponsetime requireselectinga
differentfoveasizefor differentlevelsof CPUresources.

Figure6(a)showsimagetransmissiontimefor differentcompressionmethodsasthenetwork bandwidth
varies(keepingotherresourcessuchasCPUatafixedlevel). Thetwo curvesin thefigurecorrespondto two
differentcompressionmethodsusedin theactivevisualizationapplication:compressionB (Bzip2)tradesoff
additionalCPUresourcesto achieveabettercompressionratiothancompressionA (LZW). Althoughimage
transmissiontimesdecreasewith increasednetwork bandwidthfor bothcompressionmethods,thecrossover
betweenthetwo curvesindicatesthatthereexist resourceconditionswhereonecompressionmethodshould
bepreferredover another. CompressionB outperformscompressionA whenthenetwork bandwidthis low
becauselessdatais transmitted.However it is not goodwhenthenetwork bandwidthis high becausethe
CPU becomesthe bottleneckthen. In this case,compressionA shouldbe used. Therefore,adaptationto
varyingnetwork conditionsandCPUcapabilitiesrequireschoosinganappropriatecompressionmethod.

Figure6(b) shows thetransmissiontime for imagesof differentresolutionsastheCPUresourcevaries
(keepingotherresourcesatafixedlevel). In general,additionalCPUresourcesleadto ashortertransmission
time anda low level of CPUresourcesimply a longertransmissiontime. However, transmissiontime can
beloweredby loweringtheimageresolution,implying thatsatisfyinguserpreferencesfor imagetransmis-
siontime requireschoosinganimageresolutionlevel thatwill deliver therequiredtransmissiontime given
availableCPUresources.

Section7 showshow theseperformancedataareusedfor automaticconfigurationof thisapplication.

6 Run-time Application Adaptation

Givena tunableapplication,anaccompanying performancedatabase,anduserpreferenceconstraints,the
run-timeapplicationadaptationsubsystemis responsiblefor selectingan applicationconfigurationmost
suitablefor meetingtheconstraintsgivenavailableresources,anddynamicallyupdatingthisselectionasand
whenresourceavailability changes.Suchconfigurationandadaptationarerealizedby interactionsbetween
threecomponents:(1) an application-specific monitoringagent that monitorsresourcecharacteristicsof
interestto the application,(2) a resource schedulerthat correlatesobserved resourcecharacteristicsand
userpreferenceswith performancemodelsstoredin theperformancedatabase,and(3) asteeringagent that
performstheactualreconfiguration.

Eachuserpreferenceconstraintis expressedasvaluerangeson a subsetof outputquality metricsand
is accompaniedwith an objective function to be optimized.3 Theseconstraintswhenconsideredtogether
with measuredresourcecharacteristics,restrictthesuitablesetof applicationconfigurations.Of these,the
schedulerpickstheonethatbestsatisfiestheobjective function.Multiple userpreferenceconstraintscanbe
specified.Thesystemexaminesthemin decreasingorderof preference;in thecasethatonerequestcannot
besatisfieddueto inadequateresources,thesystemattemptsfulfill thenext preferredconstraint.

Therestof thissectiondescribesthemonitoring,thescheduling,andsteeringcomponentsin moredetail.

3For simplicity, weassumearelatively restrictedform of this function:maximizingor minimizingasinglequalitymetric.
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6.1 Monitoring Agent

The monitoringagentis automaticallygeneratedby preprocessingthe sourcecodetunability annotations.
The monitoringagent,runningasan applicationmodule,continuallyobserves applicationactivities and
estimatesthe fraction of resourcesthat areavailable for useby the application. The motivation for such
continuousmonitoringis thata staticview of resourcecharacteristicsis insufficient in sharedenvironments
comprisingheterogeneousresourceswith differentdegreesof controlover allocationof their resources.

The monitoringagentattemptsto estimatethe shortfall betweenthe level of resourcesrequestedby
theapplicationfrom thesystemandwhat it actuallyobtained.For instance,changesin availablenetwork
bandwidthcanbedetectedbyobservingthatamessagesendincursmoredelaythanwouldbeexpectedgiven
aprior measurementof thesame.Themonitoringagentemploysthesamemechanismspreviouslydescribed
in thecontext of thevirtual executionenvironmentin Section5, relyingonasystem-widemonitorto provide
informationaboutmaximumcapacitiesof systemresources(CPUspeed,physicalmemorypages,network
bandwidth,etc.).Themonitorcomputesavailableresourcecapacitiesby comparingallotedCPUtimewith
the wall clock time (factoringin periodswherethe applicationis waiting ), comparingphysicalmemory
usagewith virtual memorysize,andkeepingtrackof aggregatenetwork traffic in aparticularduration.

Themonitoringagentrunsperiodically(every 10 ms)andprocessesraw datawithin a historywindow.
Theresultis anestimateaboutresourceavailability, which is suppliedto theresourceschedulerandother
monitoringagentsin remoteinstancesof this application. Our experienceshows that this datacollection
addsnegligible overheadto applicationexecutionevenwhenperformedin veryfine-grainedtimeslots.The
behavior of themonitoringagentis customizedto thecurrentlyactive configuration,affectingbothwhich
resourcesaremonitored,andwhentheinformationis communicatedto thescheduler(only whenresource
availability fallsoutof a range)andothermonitors.

6.2 Scheduling

Schedulingdistributedapplicationsrequiresplacingasetof competingapplications,eachwith multipledis-
tributedinstances,on a collectionof interconnectedmachineswith the purposeof optimizingapplication
andsystemperformance[17]. Schedulingtunableapplicationsaddsanotherdimensionto this traditional
problem.Theschedulerneedsto decidewhich alternateexecutionpath(correspondinglyapplicationcon-
figuration) to choosefor a tunableapplication. While tunability doesnot reducethe complexity of the
schedulingitself, theavailability of multiple applicationconfigurationsincreasesthe likelihoodthatappli-
cationuserpreferenceconstraintswill besatisfiedover a rangeof resourcesituations[8, 9].

Thechoiceof whichconfigurationto selectgiventheapplicationinput,currentresourceconditions,and
userpreferencesis guidedby theresourceprofilesof eachconfigurationstoredin theperformancedatabase.
Givenour focuson mechanismsfor configuringtunableapplications,we adopta relatively straightforward
heuristicto choosetheconfiguration.Themeasuredresourcecharacteristicsandrequireduserpreferences
(expressedasallowablevaluerangesonapplicationqualitymetrics)areusedto prunecandidateconfigura-
tions. Of theconfigurationsthat remain,a simplemultidimensionaloptimizationapproachis usedto pick
the one that bestsatisfiesthe user-specifiedobjective criterion. Whenresourceconditionsdo not fit the
recordsin theperformancedatabase,interpolation(or evenextrapolation)of therepresentative datais used
to predictthe applicationperformance(i.e., valuesfor its quality metrics). If no candidateconfigurations
exist, thenext preferreduserconstraintis examined.

Two issuesmustbe addressedfor realizing the selectedschedule:(1) systemmusthave enoughre-
sources,and(2) applicationsmustnot beallowed to usemorethantheir shareof resources.Thefirst can
besolvedby admissioncontrolandreservation. Thesecondissuerequirespolicing theapplications,con-
strainingtheir resourceusagesothatoverusedoesnot happen.Both of theseissuescantake advantageof
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our resource-constrained executionenvironment,which waspreviously usedasa testbedfor automatically
generatingtheperformancedatabase.Sincemultiplesuchexecutionenvironmentscanoperateon thesame
physicalmachinewith negligible overhead,we canreserve a specificCPUshare(aswell asnetwork band-
width andamountof physicalmemory)with simpleadmissioncontrol.For example,theapplicationcanbe
admittedif thetotal requestfor CPUshareacrossall applicationsis lessthana certainthreshold.Oncead-
mitted,theresource-constrainedexecutionenvironmentmonitorsandcontrolsapplicationprogress,assuring
applicationstherequiredresourcecapacityandsandboxingthemsothatthey donotoveruseresources.

6.3 SteeringAgent

Thesteeringagentis responsiblefor ultimatelyswitchingapplicationconfigurations,executingany clean-up
codeasappropriate.Thesteeringagentreceivescontrolmessageseitherfrom theresourcescheduleror from
otherdistributedinstancesof theapplication.Thesemessagesspecifynew valuesfor controlparametersas
well astheresourceconditionsunderwhich thesenew settingsarevalid. Uponreceiving them,thesteering
agentexecutescorrespondinghandlers,which setsup the new configuration.The new settingonly takes
effectatthebeginningof ataskboundary, or atthetransitionpointsspecifiedby thelanguageannotation(see
Section4). At thesepoints,thesteeringagentsendsanacknowledgementto theresourcescheduler;because
of guardassociatedwith thesetransitions,additionalnegotiationmayberequiredbetweenthesteeringagent
andresourceschedulerto find anappropriatesetting.Thisnew settingremainsvalid aslongastheresource
availability satisfiestheresourceconditionsfor thechosenconfiguration.Whenthemonitoringagentfinds
out thattheresourceconditionshavechanged,it triggerstheresourceschedulerto find anew configuration.

7 Adaptation in the Visualization Application

In thissection,wedescribehow our framework enablestheactivevisualizationapplicationadaptat runtime
to changesin availableresourcecharacteristics.

The interactive natureof theapplicationimpliesthatbothoutputquality andtimelinessareof interest.
Thefirst impliesa higherresolutionlevel for theoutputimage,andthelatter impliessomecombinationof
a low responsetime andlow overall imagetransmissiontime. However, the importanceof thesequality
metricsvariesfrom situationto situation. To capturea wide rangeof usagescenarios,we describethree
experiments,eachwith uniqueuserobjectives. Thefirst experimentasksfor high imagequality andmini-
mizedimagetransmissiontime. Thesecondexperimentemphasizestimeliness,requiringthateachimage
transmissionbefinishedby arigid deadlinewhile trying to getimagesof thehighestresolution.In thiscase,
the underlyingsystemattemptsto maximizethe resolutionthat canbe deliveredwithout violating timing
constraints.Thethird experimentemphasizesresponsiveness,requiringthat individual imagecomponents
bedeliveredwithin someboundedtime while preferringto gettheentireimageassoonaspossible.As we
shallsee,theapplicationneedsto continuallymonitorresourceavailability andswitchconfigurationsat run
time in orderto satisfytheseobjectivesin thepresenceof run-timevariationsin resourcecharacteristics.

Therestof thissectionfirst describestheimplementationstatusof thegeneralframework andthenshows
how theframework helpstheactive visualizationapplicationachieve theabove objectives.

7.1 Implementation Statusand Experiment Setting

At the currenttime, the virtual executiontestbed,the monitoringinfrastructure,andearly versionsof the
performancedatabaseandresourceschedulerhavebeenfully implemented.Thepreprocessorthatgenerates
the tunableversionof theapplicationcomponentsis underdevelopment,so theexperimentsreportedhere
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rely on manuallygeneratedsteeringcodefor switchingbetweendifferentapplicationconfigurations.The
performancedatabaseis populatedby runningeachapplicationconfigurationunderthe virtual execution
testbedusinga simpledriver loop that looksup a configurationfile listing the variousapplicationconfig-
urations,their control parameters,anda collectionof manuallydeterminedresourcesettings. The latter
compensatesfor thecurrentlack of a sensitivity analysistool thatcanautomaticallydrive thecollectionof
performancedatain themostrelevant regionsof a multidimensionalresourcespace.An additionallimita-
tion of the framework asit currentlyexists is that theresourceschedulerdoesnot do any interpolationon
theperformanceprofiles;a new configurationis selectedby examiningdiscretepointsin theperformance
databasethatprovide thebestmatchto themeasuredresourcecondition.

Theserver andclientcomponentsof theactive visualizationapplicationarerunon two PentiumII (450
MHz) machinesconnectedby 100 Mbps Ethernet. The performancedatabaseis generatedasdescribed
earlierin Section5; asubsetof theperformanceprofilesusedin theexperimentsreportedhereareshown in
Figures5 and6 in Section5. For simplicity, we restrictour attentionin theseexperimentsto variationsin
CPUandnetwork resources,keepingmemoryresourcesat afixedlevel.

Eachexperimentemulatesthedownloadingof tenimagesfrom theserver. To testthecapabilityof the
applicationto adaptto run-timevariationsin resourceconditions,wevaryoneof theresources(eitherCPU
shareor network bandwidth)aftera fixedtime into theexperiment.For simplicity, we restrictour attention
to only theclientsideof theapplicationandvaryonly CPUandnetwork resources.Resourcevariationsare
enforcedby changingtheparametersof thevirtual executionenvironmentwithin which theclient executes
forcing the latter to adaptby switchingto a differentconfiguration.Changesin applicationconfigurations
arecommunicatedto theserver componentby sendingcontrolmessages.

Figure7 shows differentapplicationquality metricsversustime asresourceavailability at the client
is varied. In eachplot, the thick line representsthe performanceof the tunableapplicationand the two
thinnerlinesrepresentthe(non-adaptive)performanceof thetwo configurationsthattheadaptiveapplication
switchesamongst.

7.2 Experiment 1: Adapting CompressionMethod to Network Conditions

Figure7(a)showstheadaptationof theactivevisualizationapplicationin responseto changesin thenetwork
bandwidthavailablebetweenserverandclient. Theuserpreferenceis to minimizeimagetransmissiontime.

Thenetwork bandwidthis variedasfollows: at thestartof theexperiment,thevirtual executionenvi-
ronmentprovidesa bandwidthof 500KBps,which is changedto 50 KBps after25 seconds.Theresource
schedulerrespondsto this patternof resourceavailability asbelow:7 At startup,it configurestheapplicationto usecompressionmethodA (LZW), leadingto fastertrans-

missiontimesbut requiringadditionalnetwork bandwidth. This decisionis basedon the resource
availability andthe applicationbehavior describedin performancedatabase.As Figure6(a) shows,
for a bandwidthof 500 KBps, compressionmethodA (LZW) outperformscompressionmethodB
(Bzip2); theformerdeliversa transmissiontime of around5 seconds,while the latter requiresmore
than12 seconds.This choiceallows the applicationto downloadfour imagesbeforethe available
bandwidthchangesat time25seconds.

7 Thechangein bandwidthis detectedby theapplicationmonitoringagentbeforetheendof thefifth
imagetransmission.Awarethatcurrentresourceavailability is well below theresourcerequirement
of the original configuration,it informs the resourcescheduler, which reconfiguresthe application
to switch to compressionB (Bzip2). Again, this selectionis basedupona correlationof resource
availability andtheapplicationbehavior describedin theperformancedatabase.As Figure6(a)shows,
compressionmethodB yieldsbetterperformancethancompressionmethodA whenthebandwidthis
50KBps. Theswitchtakeseffect in themiddleof transmittingthefifth image,whichtakes16seconds
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Figure7: Applicationadaptsto resourcevariationsby: (a) switchingcompressionmethodswhennetwork
bandwidthdrops,(b) degradingimageresolutionasCPUsharedecreases,(c) and(d) changingfoveasize
asCPUsharechanges.

to complete.SubsequentimagetransmissionsusecompressionmethodB andcompletein 24seconds
apiece.

Thus,our framework allows theapplicationto correctlyconfigureitself andadaptits behavior at run-
time to respondto changesin resourceconditions(in thiscase,network bandwidth).As Figure7(a)shows,
thebehavior of theadaptive applicationcloselytracksthebehavior of theappropriate(non-adaptive) con-
figurationsduringperiodsof steadyresourceavailability (compressionmethodA beforetime 25 seconds,
andcompressionmethodB afterwards).Justselectingtheright initial configurationis not adequate:if the
applicationhadcontinuedwith compressionmethodA, the total transmissiontime would have been260
secondsasopposedto the160secondsit endsup taking.

7.3 Experiment 2: Adapting ImageResolutionto CPU Conditions

Figure7(b)showstheapplicationadaptationin responseto changesin CPUconditions(at theclient). In this
case,theuserpreferencerequiresthatimagetransmissiontimenotexceed10secondsandthatimagequality
bemaximized.For simplicity, we constrainimageresolutionto beoneof two levels (referredhereafteras
level 3 andlevel 4).

TheCPUconditionsat theclient arevariedasfollows: at startup,theCPUshareavailableto theclient
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is setat J�K�L , which changesto M�K�L at time 30 seconds.The resourceschedulerrespondsto this pattern
of resourceavailability by startingoff with a configurationthatsetsthe imageresolutionto be level 4, but
thendegradesimagequality to level 3 upondetectinga reductionin CPU resources.Thesechoicesare
consistentwith theperformanceprofileshown in Figure6(b). WhentheCPUshareis J�K�L , resolutionlevel
4 resultsin imagetransmissiontimeswithin theuserrequestedrange(lessthan10seconds).However, with
a CPUshareof M�K�L , imagetransmissiontimesat this level of resolutionconsumetake about18 seconds
apiece,which would violateuserconstraints.Degradingtheresolutionto level 3 permitseachimageto be
transmittedin about4 seconds,satisfyinguserrequirements.

7.4 Experiment 3: Adapting FoveaSizeto CPU conditions

Figures7(c) and7(d) show applicationadaptationby changingfoveasizein responseto changesin CPU
conditions(at the client). In this case,the userpreferenceis to minimize imagetransmissiontime while
keepingaverageresponsetimeof userinteractionsbelow onesecond.

TheCPUconditionsat theclient arevariedasfollows: initially, theCPUshareis setto J�K�L , but de-
creasesto M�K�L at time40seconds.Thetwo figuresshow responsetimeandtransmissiontimeof executions
underthisresourceavailability pattern.Theresourceschedulerrespondsto thispatternby initially selecting
a foveasizeof 320,andswitchingdown to a foveasizeof 80upondetectingachangein resourceavailabil-
ity. As before,theseselectionsareconsistentwith theperformanceprofilesshown in Figure5. A foveasize
of 320satisfiestheuserpreferenceof responsetimesbelow onesecond,while achieving thefastestimage
transmissiontime of candidateconfigurations.However, whenthe amountof availableCPU sharedrops,
this configurationresultsin responsetimes of about1.4 seconds,which falls outsidethe user-requested
range.Consequently, from theseventhtransmissiononwards,theschedulerswitchesto a foveasizeof 80,
ensuringresponsetimesof below onesecondfor theremainderof theexperiment.

7.5 Summary

Thesethreeexperimentsclearly demonstratethe ability of our adaptationframework as appliedon the
active visualizationapplicationto appropriatelyconfigureitself andadaptitself at run-timein responseto
changingresourceavailability patterns.Themonitoringagentintegratedwith theapplicationdetectschanges
in resourceavailability andtriggerstheresourcescheduler, whichin turnsuggestsanalternateconfiguration
thatsatisfiesuserpreferencesof applicationquality by relying upona performancedatabaseof application
resourceprofiles.

Weshouldnotethatalthoughoursimpleresourceschedulerandperformancedatabaseweresufficient to
appropriatelyadapttheactivevisualizationapplicationin theaboveexperiments,oneof themainreasonsfor
this is relatively largevariationsin resourceavailability. Smallervariationswould requirebetteralgorithms
that take into considerationthe sensitivity of applicationconfigurationsto resourcevariationssoasto not
degradeoverall performanceby unnecessaryadaptations.

8 RelatedWork

Our work is mostclosely relatedto a few recently-startedprojects[3, 10, 14, 17, 18, 19] that are look-
ing into the problemof adaptingapplicationbehavior in responseto variationsof systemresources.The
Darwin project[17] permitsanapplicationto specifyits resourcerequestsin theform of a virtual meshof
nodes(representingdesiredservices)andedges(denotingcommunicationflows). The virtual meshin its
specificapplicationdomainis similar to our notionof alternateexecutionpaths.ActiveHarmony [14] and
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AppLeS[3, 19] projectsprovide application-level mechanismsandresourcemonitoringtools to enablean
applicationto adaptitself to changingresourcecharacteristics.EPIQ[18] andErDos[10] projectsarecloser
to ourapproachin thatthey look into thequalityaspectsof anapplication,tradingoff outputqualityagainst
resourcerequirements.

Our approachdiffersfrom themin thedivision of responsibilitybetweenapplicationdeveloperandex-
ecutionsystem.Applicationdevelopersareconcernedwith annotatingtheoriginal sourcecodeto specify
applicationtunability. Executionsystemprovidesvirtual environmentfor obtainingapplicationbehavior
profiles. In addition,theresourcescheduleris insulatedfrom application-specificknowledgewhenconfig-
uring application.As far aswe know, our strategy is uniquein its usingof a virtual executionenvironment
for measuringapplicationperformanceandin monitoringapplication-specificresourceavailability instead
of thetotal capacityof resources.

9 Conclusion

This paperstudiesthelanguageconstructsfor specifyingapplicationtunability. It proposesa way to struc-
ture tunableapplicationsso that they could be automaticallyconfiguredto take the appropriateexecution
pathfor betteror morepredictableperformance.It validatestheusageof softwarevirtual machineasthe
testbedto studyapplicationbehavior. It demonstratesautomaticconfigurationof applicationswith a case
study. Our resultsto dateis encouraging:it is convenientto specifyapplicationtunability with language-
level annotations.Thevirtual executionenvironmentapproximatestherealexecutionplatformandcanbe
usedto automateapplicationbehavior modeling. Significantperformanceimprovementcanbegainedby
dynamicallyadaptingapplicationexecutionto resourcecharacteristics.Our framework providesasubstrate
for exploiting the tunability inherentin many applications,equippingthemto ”self-adapt” themselves in
a varietyof resourcesituations.More work is neededto automateanalysisof applicationbehavior andto
studyschedulingpoliciesin termsof its sensitivity in responseto resourcevariations.
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